The cyclic properties of protium storage in Ti-Cr-V alloys with a BCC structure were investigated in order to develop the alloys with good cyclic properties. It was found that the hysteresis factor of pure V was almost unchanged but the hysteresis factor of Ti-Cr-V heat-treated alloys decreased with increasing cycle number. The plateau pressure of Ti-Cr-V heat-treated alloy in absorbing process dropped significantly with increasing cycle number up to the 20th cycle. In contrast to this, there was not any change in PCT curves of pure V metal. This could be originated from the difference in mechanical properties between V metal and Ti-Cr-V alloys.
Introduction
Alloys that absorb and desorb a higher density of protium (hydrogen atom) are required for practical use of hydrogen energy systems. Alloys based on MmNi 5 have been widely used as a negative electrode of secondary electric batteries. However it is difficult for these LaNi 5 -type protium storage alloys 1, 2) to have a higher protium density than they have at present. Vanadium or vanadium-based solid solutions with a BCC structure are known to absorb about 3.8 mass% protium. However, only half the absorbed protium can be desorbed at room temperature. 3) Recently, Iba et al. [4] [5] [6] [7] reported that multi-phase Ti-V-Mn alloys consisting of Laves and BCC solid-solution phases had good desorption properties and high protium capacities of nearly 2.1 mass% protium. Iba et al. 8, 9) also reported a Ti-40 mol%V-35 mol%Cr alloy with a BCC structure could absorb about 2.4 mass% protium. Besides Kuriiwa [10] [11] [12] reported that Ti-Cr-V protium storage alloys with low V content have excellent protium absorption and desorption properties. To realize stable and economical application systems with hydrogen-absorbing alloys, long-term hydridingdehydriding cycles are strongly desired. But no studies have been reported on their cyclic properties. The purpose of this investigation is to study cyclic absorption-desorption properties of Ti-Cr-V alloys.
Experimental Procedures
The composition of samples were (59Cr-41Ti) 100−x V x (will be abbreviated to Ti-Cr-xV hereafter) (x = 5, 15, 30, 60, 100) where the ratio of Cr and Ti is fixed to be 59/41. The alloys (exclusive of x = 100) were prepared by arcmelting under argon atmosphere. The alloys were melted into a button form and its weight and diameter were 12.5 g and around 20 mm, respectively. The alloys were remelted five times to ensure their homogeneity. Crystal structures were * 1 Graduate Student, Tohoku University.
* 2 Graduate Student, Tohoku University, Present address: Honda R&D Co., Ltd. Figure 1 shows the PC diagram at 313 K of pure V metal (x = 100) measured for up to the 50th cycle. V metal absorbed about 3.7 mass% protium but desorbed only about 2.2 mass% protium at the 1st cycle. The PC isotherms were almost unchanged with increasing cycle number from the 3rd to the 50th. It is rather surprising that there were no decreases of effective protium absorption and desorption capacity in pure V metal. The equilibrium pressure in absorbing process was 0.8 MPa and in desorbing process was 0.5 MPa. The hysteresis factor, which was calculated from ln(P a /P d ), where P a is plateau pressure in absorbing process and P d is plateau pressure in desorbing process, was 0.47.
Result and Discussion

Cyclic properties of pure V metal
Microstructures and protium storage properties of
Ti-Cr-V alloys The XRD patterns of Ti-Cr-xV (x = 5, 15, 30, 60) with or without heat-treatment are shown in Fig. 2 . The main phase of as-cast alloys with x = 5 was a Laves (C15-type) phase.
determined by X-ray diffraction (XRD) with Cu-Kα radiation. The pressure-composition (PC) isotherms were measured at 313 K by a Sieverts-type apparatus. The pure V metal (x = 100) was activated by holding in a hydrogen pressure of 7 MPa at 673 K for 30 min, followed by evacuating with a rotary pump for 30 min at room temperature. This process was repeated three times before measuring PC isotherms. The Ti-Cr-V alloys were easily activated and absorb hydrogen at room temperature in the 1st cycle. The zero point of the PC isotherms was reset in every cycle after evacuation at 313 K for 2 h with a rotary pump. Cycling tests were performed by hydriding at a hydrogen pressure of 10 MPa for 15 min and dehydriding by evacuation with a rotary pump for 30 min at 313 K. The distribution of particle size was measured by a particle size analysis apparatus. In this study, the effective protium capacity was defined as a difference between protium absorbing capacity at hydrogen pressure of 7 MPa and that at 0.01 MPa in desorbing process. For the heat-treated alloys with x = 5 and alloys with x > 15, the main phase of each XRD pattern was determined to be a BCC structure. The lattice constant of BCC phase decreased with increasing of V content. For the alloys with x = 15 and 30, the lattice constants were almost unchanged after heattreatment, however the peaks width of each XRD pattern became narrow after heat-treatment. This result suggests that heat-treatment was effective way for improving the homo- heat-treated alloys and pure V metal for the 3rd cycle. Fig. 1 PC diagram at 313 K of pure V metal from the 1st to the 50th cycle.
Cyclic properties of plateau pressure and effective
protium capacity for Ti-Cr-V heat-treated alloys Figure 5 shows the cyclic properties of plateau pressure at geneity of the alloys and flatness of the plateau region in PC isotherms. 13) Figure 3 shows the PC diagram at 313 K of the 3rd cycle of Ti-Cr-xV (x = 5, 15, 30, 60) heat-treated alloys and pure V metal (x = 100). The plateau pressure of these alloys in absorbing and desorbing process increased with increasing of V content because the lattice constant of these alloys decreased. Generally, it is known that the plateau pressure becomes higher as the lattice constant decreases. The protium absorption capacities of Ti-Cr-xV (x = 5, 15, 30, 60) were higher than that of pure V metal for the 3rd cycle. Figure 4 shows the PC diagram at 313 K from the 1st to the 50th cycle for Ti-Cr-30V heat-treated alloy. The protium absorption capacity for the 1st cycle shows about 3.6 mass% protium. The protium desorption capacity of about 2.3 mass% protium for the 1st cycle was higher than that of pure V metal. However, the shape of the PC isotherm of this alloy was different from the pure V metal, i.e., the shape of PC isotherm was changed with increasing cycles. The plateau pressure of Ti-Cr-V alloy in absorbing process gradually dropped with increasing cycle number. In desorbing process, it also decreased slightly too. The hysteresis factor of this alloy was 1.49 in the 3rd cycle and 0.68 in the 50th cycle. The maximum protium storage capacity decreases with increasing of the cycle number and the effective protium capacity in the 50th cycle was decreased by 0.16 mass% protium in comparison with that of the 3rd cycle, which corresponds to 7.0% decrement.
Cyclic properties of Cr-Ti-30V heat-treated alloy
Cyclic Properties of Protium Absorption-Desorption in Ti-Cr-V Alloys 1117 313 K in absorbing process for Ti-Cr-xV (x = 5, 15, 30, 60) heat-treated alloys and pure V metal. The plateau pressure of Ti-Cr-V alloys, exclusive of x = 60 and pure V metal, decreased significantly with increasing the cycle number below the 20th cycle. Besides, the smaller the contents of V, the larger drop of plateau pressure in absorbing process. Figure  6 shows the cyclic properties of effective protium capacity of Ti-Cr-xV (x = 5, 15, 30, 60) heat-treated alloys and pure V metal. The effective protium capacity of pure V metal was increased up to 20th cycle. Because the pure V metal has poor performance of first activation at 313 K, it was considered that (x = 5), 16.6% (x = 15), 11.6% (x = 30), 7.1% (x = 60), respectively. It was found from these results that the effective protium capacity decreased rapidly up to the 20th cycle, and gradually after the 20th cycle up to the 50th cycle in Ti-Cr-V alloys. Figure 7 shows distribution of particle size for Ti-Cr-xV (x = 5, 15, 30, 60) heat-treated alloys after the 50th cycle. protium occupancy of tetragonal sites of γ -phase (fcc structure) in V metal increased with increasing cycle number. On the other hand, for the alloys with x = 5, 15, 30, 60 the effective protium capacity decreased rapidly below the 20th cycle. In the 20th cycle, the degree of the decrement of the effective protium capacity which was estimated by H 20th /H 1st were 12.7% (x = 5), 12.6% (x = 15), 10.8% (x = 30) and 5.4% (x = 60). And in the 50th cycle, their were 17.6% The average of particle size for the alloys with x = 5, 15, 30, 60 were 22.9, 25.0, 25.2, 39.0 µm, respectively. It was found that the particle size became large with increasing V content. Figure 8 shows corresponding SEM photographs of Ti-CrxV heat-treated alloys (a) x = 5, (b) x = 15, (c) x = 30, (d) x = 60, and (e) pure V after 50th cycle. It shows that the particle size became large gradually with increasing V content up to 30% and became large substantially with increasing V content from 30 to 60%. The particle size of pure V was largest in alloys. It was considered that this phenomenon could be originated from the difference in mechanical properties of Ti-Cr-V alloys. Table 1 shows the Vickers hardness of the heat-treated alloys. The Vickers hardness of the alloys increases with decreasing V content. This may be the another indication why the average particle size becomes smaller with decreasing V content of the alloys. There is still question why the alloy with the small particle size deteriorates their protium absorption-desorption properties. The further studies will be required.
Distribution of particle size for Ti-Cr-V heattreated alloys
Conclusion
The cyclic protium absorption-desorption properties for Ti-Cr-V heat-treated alloys and pure V metal were investigated and the following conclusions were made.
(1) The hysteresis factor defined as ln(P a /P d ) was almost unchanged in pure V metal, but that for Ti-Cr-V heat-treated alloys became smaller with the increase of cycle number.
(2) The effective protium capacity for Ti-Cr-V alloys decreased rapidly up to the 20th cycle, and gradually after the 20th cycle up to the 50th cycle.
(3) It was found that the particle size of Ti-Cr-V alloys after the 50th cycle became smaller with decreasing V content. Table 1 Vickers hardness of (59Cr-41Ti) 100−x V x heat-treated alloys and pure V. 
